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ABSTRACT 
“Special risk” industrial plants can be highly vulnerable 

when subjected to natural phenomena such as earthquakes, 

flooding and explosions. In this study we focused our attention 

on the performance of a liquefied natural gas (LNG) terminal 

subjected to extreme earthquakes; an LNG terminal consists of a 

series of process facilities connected by pipelines of various sizes 

carrying hazardous chemical components. Although tanks, 

pipes, elbows, bolted flanges have been a major concern in terms 

of seismic design, generally, they have not been analyzed with 

modern performance-based procedures. Thus, our work has been 

devoted to the assessment, within the performance-based 

earthquake engineering (PBEE) framework, of the seismic 

performance of tanks, pipes, elbows and bolted flange joints by 

means of seismic fragility functions. Particular attention was 

paid to component resistance and to loss of containment (LoC) 

due to leakage. 

A representative case study of an LNG terminal has been selected 

and tank, support structures and pipework, including elbows and 

flanges were analyzed with a detailed 3D finite elements model. 

Preliminary analyses identified elbow and bolted flange joints as 

critical components. A mechanical model, based on experimental 

data, defines leakage limit states for bolted flange joints. A 

significant effort was also devoted to identification of a leakage 

limit state for piping elbows, and we found the level of the hoop 

plastic strain to be an indicator.  

On a first stage for the probabilistic seismic demand analysis 

(PSDA) we applied the Cloud method, due to its advantages in 

terms of consistency in the seismic input and of computational 

savings. More precisely, we studied the behaviour of critical 

components using a set of 36 ground motions, selected from a 

database of historic earthquake accelerations. The results of 

seismic analysis show that bolted flange joints remain 

significantly below their leakage threshold while elbows at the 

top of the LNG tank are likely to show LoC. Fragility functions 

show that elbows located on the tank platform are relatively 

unsafe against earthquakes.  

On a second stage, in order to detect more complex failure 

scenarios, we analysed an LNG plant comprising a more 

complex piping substructure with respect to the original FE 

model. Moreover, we have treated the LoC of elbows from a 

probabilistic point of view by means of a Gaussian probability 

density function associated to a hoop strain limit state. The 

results provided by the aforementioned refined piping system 

allow for an improved and more accurate seismic risk assesment 

of the LNG plant. 

 

INTRODUCTION 
 LNG terminals represent strategic infrastructure for 

energy supplies. In this kind of plants, natural gas is usually 

liquefied by compression and cooling to low temperature, 

allowing transportation over long distances. LNG terminals 

usually consist of a port and nearby infrastructure related to both 

liquefaction and regasification. Along with the abovementioned 

strategic importance, LNG plants also carry a significant risk 

related to possible consequences of accidents caused by natural 

events: leakage of hazardous or polluting substances can badly 

affect the local environment as well as lead to explosions which 

might cause possible damage to other nearby plants and 

communities. Historic data show that earthquakes can lead to 

severe losses due to failure of different components of industrial 

plants; in this respect see [1]. Common vulnerable components 

of LNG pipelines that can experience LoC or leakage are bolted 

flange joints (BFJs) and piping bends or elbows. In order to 

predict leakage events on BFJs a practical model based on [2] 

was developed on [3], also using experimental data by [4]. On 

the other hand, studies focusing on leak-before-break, i.e. that 

focus on the steady growth of through-cracks in pipes [5] or 

tracing the plastic behaviour of elbows [6], do not predict 
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leakage thresholds. In this paper, we propose a probability 

distribution failure function for pipe components. 

Once leakage thresholds have been set for piping components 

and bolted flange joints, limit states and engineering demand 

parameters (EDPs) related to damage of these elements can be 

defined and assessment of seismic performance of LNG plants 

can be performed through PBEE [7]. 

The aim of this paper is to illustrate the application of the PBEE 

methodology to an LNG plant having a piping system coupled to 

a support structure and a relevant LNG tank. The seismic 

response of structural components of the plant has been 

evaluated by means of a 3D non-linear stick model of the LNG 

terminal fully developed in the Ansys environment [8]. This 

work is a direct continuation of [9]; in that case we analysed a 

reduced piping system and we observed the failure on some 

piping elbows. In this paper, we want to extend the analysis to a 

refined and improved piping system model. In particular, we 

focused our study on the three different branches of Pipeline #6. 

We calculated the correlation between the probability of leakage 

of piping elements and the intensity measure (IM) of the seismic 

event represented by the peak ground acceleration (PGA) and the 

spectral acceleration (Sa(T)). We quantify those by means of 

fragility curves via the Cloud Analysis method [10].  

As a result, the paper is arranged into four main sections; the first 

one provides a description of the methodology for the application 

of the PBEE method while the second one describes the LNG 

plant used as Case Study. The third section regards the leakage 

limit state definition for critical components like bolted flange 

joints and pipe elbows. A description of the FE model of the plant 

is provided in the fourth section, while in the last section presents 

and comments the results of fragility analysis. 

 

PERFORMANCE-BASED EARTHQUAKE ENGINEER-
ING METHOD 
The PBEE procedure was mainly developed by the Pacific 

Earthquake Engineering Research (PEER) Center and estimates 

the probabilistic future seismic performance of buildings and 

bridges in terms of system-level decision variables (DVs), i.e., 

performance measures that are meaningful to the owner, such as 

repair cost, casualties, and loss of use -dollars, casualties and 

downtime-. It is based on four quantities: 

• Intensity Measure (IM), which represents a measure of 

the ground motion intensity. Several IM variables are available, 

such as PGA, Spectral Acceleration at the fundamental period 

(Sa(T)), etc.; 

• Engineering Demand Parameter (EDP), which 

describes the structural response in terms of global and local 

parameters such as deformation, forces, etc; 

• Damage Measure (DM), which identifies the most 

significant structural damage conditions; 

• Decision Variable (DV), which transforms the damage 

conditions into useful quantities for the risk management 

decision process. 

Let’s denote G(x|y)=Pr(x<X|Y=y) the complimentary 

cumulative distribution function of the considered variables and 

dG(x|y) the derivative of the conditional complementary 

cumulative distribution function, which is identical to the 

negative of the conditional probability density function (pdf). 

The evaluation of the mean annual rate λ of DV exceeding the 

threshold dv reads, 

 

𝜆(𝑑𝑣 < 𝐷𝑉) = ∫ 𝐺(𝑑𝑣|𝑖𝑚)
𝑖𝑚

|𝑑𝜆(𝑖𝑚)| (1) 

 

where the conditional probability 𝐺(𝑑𝑣|𝑖𝑚) can be obtained by 

use of total probability (Yang et al., 2009) as follows, 

 

𝐺(𝑑𝑣|𝑖𝑚) = ∫ ∫ 𝐺(𝑑𝑣|𝑖𝑚)𝑑𝐺(𝑑𝑚|𝑒𝑑𝑝)
𝑒𝑑𝑝𝑑𝑚

𝑑𝐺(𝑒𝑑𝑝|𝑖𝑚) (2) 

 

Substituting (2) in (1), we obtain the mean annual rate of a 

decision variable DV exceeding a threshold value dv, 

 
𝜆(𝑑𝑣 < 𝐷𝑉)

= ∫ ∫ ∫ 𝐺(𝑑𝑣|𝑖𝑚)𝑑𝐺(𝑑𝑚|𝑒𝑑𝑝)𝑑𝐺(𝑒𝑑𝑝|𝑖𝑚)
𝑒𝑑𝑝𝑑𝑚𝑖𝑚

|𝑑𝜆(𝑖𝑚)| 
(3) 

 

Equation (3) includes four components of performance 

assessment. Specifically, the quantification of λ(im) requires a 

site hazard analysis, usually performed by a probabilistic seismic 

demand analysis (PSDA); G(edp|im) needs a response analysis, 

usually performed by using numerical techniques, e.g. Cloud 

analysis, G(dm|edp) requires a damage analysis often based on 

experiments whilst G(dv|dm) requires cost-effective or loss 

analysis [7]. Moreover, the quantification of Equation (3) 

requires a fully probabilistic approach. Given the scarcity of 

data, at this stage of the research, only the probability of 

exceeding of a certain edp will be quantified in the right section. 

For this purpose, the following relationship is adopted: 

 

𝑃(𝑒𝑑𝑝) = ∫ 𝑃(𝐸𝐷𝑃 > 𝑒𝑑𝑝|𝑖𝑚)|𝑑𝜆(𝑖𝑚)|
𝑖𝑚

= ∫ 𝑃(𝐷 > 𝐶𝐿𝑆|𝐼𝑀 = 𝑖𝑚)|𝜆(𝑖𝑚)𝑑𝑖𝑚
𝑖𝑚

| 

(4) 

 

where we introduce the structural demand D and CLS , i.e. the 

capacity of the component/system associated with a prescribed 

limit state. 

 

LNG PLANT 
The object of PBEE method described in this paper is 

the Case Study #2 of the European research project INDUSE-2-

SAFETY [11]. In detail, Case Study #2, depicted in Figure 1 and 

2, regards a realistic regasification plant originally designed for 

low seismic lateral loads. We consider the LNG plant located in 

the high seismic-prone area of Priolo Gargallo in Sicily, in the 

south of Italy, having thus the opportunity to assess the response 

of piping elements under extreme lateral loadings.  

The hazard analysis of Priolo Gargallo site was conducted within 

the activity of INDUSE-2-SAFETY [12] and it led to the hazard 

curve depicted in Figure 3. 
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Figure 1: LNG Plant overview 

 

 
Figure 2: LNG Plant Layout 

 

Regarding the LNG plant layout, its main component is a 50 000 

m3 ethylene tank that supplies the LNG to the different process 

areas via a stainless-steel piping system. The tank stores 

liquefied gas at very low temperatures, i.e. -100 °C and has a 

double wall layout: an external concrete C30/37 layer and an 

internal high resilience shell (X8Ni9). The diameter of the tank 

is 50.3 m, as the total height at the top of a concrete dome is 47.3 

m.  

Three pumps, located above the dome and depicted in Figure 4, 

transport the ethylene from the tank to the pipework which is 

supported by a steel platform (grade S235) arranged on three 

different levels, located respectively at 41, 45 and 48 m above 

ground. At the base of the tank, pipelines, which distribute 

ethylene to the different process areas, are supported by a 

concrete structure 102 m long, 6.5 m wide and 7.3 m high. The 

concrete compressive strength class is C40/50. 

 
Figure 3: Hazard curve of Priolo Gargallo site 

 

 
Figure 4: Position of the three pumps 

 

The piping system is arranged into 8 different welded pipelines 

of stainless steel grade ASTM A312/TP304L. The cross-section 

properties of each pipeline are summarized in Table 1. The three 

abovementioned pumps on top of the tank are connected to three 

different branches of the same pipeline numbered as pipeline 6. 

The connection between these pumps and relative pipeline 6 is 

by BFJs: in detail the joint is made on all three branches with a 

6’’ SCH10S CL300 welded neck flange. 

The mechanical properties of the pipeline steel were defined 

during the INDUSE-2-SAFETY project, with experimental tests 

on metallographic samples of seamless pipes [13]. In order to 

characterize the stainless steel constitutive law for the operating 

conditions of the plant, tensile testing has been performed -80°C. 

The relevant results are shown in Figure 5. 

CHARACTERIZATION OF BOLTED FLANGE JOINTS 
The response analysis performed on the FE model of the 

LNG plant requires a preliminary assessment of Engineering 

Demand Parameters (EDP) for critical components.  
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Pipeline 

number 

Pipe 

specification 

External 

radius 

[mm] 

Wall 

thickness 

[mm] 

Curvature 

radius 

[mm] 

Max 

Operating 

Pressure 

[barg] 

1 16’’ SCH20 406.4 7.92 610 2.8 

2 10’’SCH10S 273.05 4.19 381 0.2 

3 4’’ SCH10S 114.3 3.05 152 0.2 

4 6’’SCH10S 168.28 3.40 229 0 

5 12’’SCH10S 323.85 4.57 457 0.3 

6 
6’’SCH10S 168.28 3.40 229 16.3 

8’’SCH10S 219.08 3.76 305 16.3 

7 6’’SCH10S 168.28 3.40 229 1 

8 18’’SCH10S 457.2 4.78 686 0 

Table 1: Pipelines cross section properties 

 

 
Figure 5: Stress-strain curve for A312/TP304L at -80°C 

 

Regarding bolted flange joints (BFJs), demand parameters we 

selected are: i) maximum axial force; ii) maximum shear force. 

For both cases, leakage thresholds are based on a mechanical 

model developed by La Salandra et al., [3]. This mechanical 

model of BFJs was obtained by means of experimental tests on 

8’’ BFJs, subjected to cyclic and monotonic loading. This model, 

based on [4], takes into account the behaviors of bolts, flange and 

gasket and provides a relation between axial and shear leakage 

forces. We applied this predictive model to the 6’’ weld neck 

flange of the Case Study and finally we obtained stiffness and 

resistance values collected in Table 2. 

 

 6’’ Weld Neck Flange CL300 

Axial stiffness [kN/mm] 4318 

Shear stiffness [kN/mm] 1270 

Axial leakage force [kN] 939 

Shear leakage force [kN] 2228 

Table 2: 6’’ Bolted Flange Joint Properties 

PROBABILITY DISTRIBUTIONS FOR THE SEISMIC 
CAPACITY OF VULNERABLE COMPONENTS 

As stated in [9], the most critical components for LoCs 

events are piping elbows, BFJs and Tee joints. However, 

according to the outcomes of the PSDA carried out in [9], both 

BFJs and Tee Joints are quite safe against seismic actions. See, 

for instance, in Figure 6, both the demand D and capacity CLS for 

BFJs. 

 
Figure 6: Seismic analysis results for 6’’ BFJs from [9] 

 

In order to further extend the results of this PSDA, the 

uncertainty of the capacity CLS in Eq. (4) is taken into account. 

As a result, we will focus on the leakage limit state for piping 

elbows. 

The selected EDP for these components, suggested in [9], is the 

tensile hoop strain and the relevant leakage limit state CLS  is set 

equal  to 2%. In order to interpret CLS as a random variable, we 

need to introduce a relevant probability distribution. As recalled 

by [14,15], based on the recommendations of international 

codes, CLS can read 2% according to [16,17], 2.5% according to 

[18] and 3% according to [19]. As a result, we assume an average 

value of 2.5% in the interval between 2% and 3%. This value is 

also corroborated by [15], that shows a correlation between the 

tensile strain resistance and the ratio of yield stress over ultimate 

stress of piping components.  

Once the average value is set, it is necessary to define which kind 

of probability distribution can describe the variability of CLS. 

According to [20], the resistance of piping elements follows a 

Gaussian distribution and the same approximation is made by 

[21], where the low cycle fatigue resistance of steel specimens is 

assumed as normally distributed. Thus, in this study we assume 

CLS, as leakage threshold for tensile hoop strain of piping elbows, 

normally distributed with an average value of 2.5% and a 

standard deviation of 0.25%. The relevant parameters and the pdf 

are shown in Table 3 and Figure 7, respectively. 

 

µ 2.5% 

σ 0.25% 

Table 3: Normal distribution parameters for the tensile 

hoop strain related to the leakage threshold 

 

FE ANSYS MODEL 
FE modelling of the LNG terminal is reported in this section. 

For each component of the plant is provided a brief description 

with FE elements used, their properties and their arrangement. 
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The two layers of the main storage tank has been modeled in two 

different ways: the outer concrete layer was modelled by means 

of 4 nodes SHELL181 elements: its mesh was conceived, after 

sensitivity preliminary analysis, with 34 elements along the 

circumference section, 19 elements along the wall height and 11 

elements along the radius of the dome. 

 

 

Rigid constraints were applied to the ground nodes and concrete 

behaviour was modelled with a linear constitutive law. On the 

other hand, given the large wall thickness of the external layer, 

the inner steel tank was modelled by assigning the total mass of 

the LNG content when filled at the maximum capacity, i.e. 

290,000 tons, to a single MASS21 element placed in the middle 

of the tank and connected to the concrete tank by means of 4 

MPC184 Rigid Link elements. 

This assumption allows to take into account inertial effects of the 

content of the tank and neglect forces generated by liquid modes 

[22]. 

 

 
Figure 8: Tank Ansys model: outer and inner layer 

 

The steel platform supporting piping systems and pumps is 

modelled by means of the BEAM4 and LINK180 elements for 

beams and axial members, respectively. The concrete support 

structure at the base of the tank is modelled with the same 

BEAM4 elements used for the steel platform. The steel platform 

supporting piping systems and pumps, is on the top of the tank, 

as depicted in Figure 9. It is modelled by means of the BEAM4 

and LINK180 elements for beams and axial members, 

respectively. All these elements are modelled with a linear 

constitutive law. Moreover, concrete support structure is rigidly 

constrained to the ground. 

 

 

 
Figure 9: Support structures 

 

The piping system, depicted in Figure 10, was modelled by 

means of PIPE289 and ELBOW290 elements; these are both 3-

node 3D elements with 6 DoFs per node. Lateral walls were 

modelled with SHELL181 elements with the shell thickness 

equal to the real pipe thickness. The design of the mesh was 

conceived with 20 shell elements along the circumference 

section.  

 
Figure 10: Pipelines FE model 

 

Furthermore, in order to correctly model the elbow constitutive 

law, the A312/TP304L stress-strain curve depicted in Figure 5 

was reproduced with a bilinear relationship accounting for 

kinematic hardening. 

 

Finally, BFJs were modelled by means of a longitudinal and two 

transversal springs. Different responses for tensile and 

compression forces for the axial springs was taken into account 

 
Figure 7: Probability density function for leakage threshold 
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by means of COMBIN39 element. The values of both 

longitudinal and shear stiffness for BFJs modelled are in Table 

2.  

In Figure 11 is depicted a detail of pipeline 6 that we selected as 

suitable for following response analysis. A total of 18 elbows are 

located on this pipeline, which is divided into three different 

branches. Each branch, on top of the main tank, is connected to 

a pump through a BFJ. 

The final LNG plant model, built up with the just described 

elements, is depicted in Fig. 12. 

The complete model is highly complex, with totals of 33448 

DoFs, 1338 BEAM4 elements, 240 PIPE289, 210 ELBOW290 

and 2244 SHELL181.  

 

 
Figure 11: BFJs and pumps FE Model for pipeline 6 

 

 

 
Figure 12: Complete FE model 

 

MULTICOMPONENT FRAGILITY ANALISYS 
The main purpose of this study is that to assess the 

probability of a leakage event in the LNG subplant. This 

probability is equivalent to the 𝑃(𝐸𝐷𝑃 > 𝐶𝐿𝑆|𝐼𝑀 = 𝑖𝑚) as 

defined in Eq. 4. As a first step in this direction, a fragility 

analysis based on a probabilistic seismic demand model (PSDM) 

was carried out. In order to do that, the well-established Cloud 

Method [23] was adopted to avoid any scaling of natural 

accelerograms and to better manage the significant 

computational demand of the FE model.  The Cloud Method 

relies two fundamental hypotheses: i) the demand D, 

corresponding to the value of the chosen EDP, follows a 

lognormal distribution; ii) the expected value for D can be 

calculated from linear relationship in the logarithmic space of D 

versus the candidate IM, i.e. 

 

𝐸[𝑙𝑛𝐷|𝐼𝑀] = 𝑎 + 𝑏𝑙𝑛(𝐼𝑀) (5) 

 

In this study, as done in [9], we considered as IM both the PGA 

and the spectral acceleration Sa(T) with T set equal to the main 

vibrational period of the LNG tank, i.e. TT = 0.16 s. 

More precisely, a and b are regression coefficients estimated 

with the least square method. Then, a and b let us set the main 

parameters of the probabilistic seismic demand model (PSDM), 

i.e. 

 

𝑙𝑛𝐷|𝐼𝑀 = 𝛽𝐷|𝐼𝑀 = √
∑ [𝑙𝑛(𝐷𝑖) − 𝑙𝑛(𝑎(𝐼𝑀𝑖)

𝑏)]2𝑛
𝑖=1

𝑛 − 2
 (6) 

𝑚𝐷 = (
𝐶𝐿𝑆
𝑎
)
1/𝑏

 (7) 

𝛽𝐷 =
1

𝑏
𝛽𝐷|𝐼𝑀 (8) 

 

where: 

𝛽𝐷 and 𝑚𝐷are the dispersion and the median of D values that 

exceed the limit state level, indicated as CLS . 

Thus, the conditional probability that the demand D exceeds the 

limit state capacity CLS , i.e. the fragility function, is defined as 

follows, 

 

𝑃[𝐷 ≥ 𝐶𝐿𝑆|𝐼𝑀 = 𝑖𝑚] = 𝛷 [
𝑙𝑛(𝑖𝑚/𝑚𝐷)

𝛽𝐷
] (9) 

 

As seismic input a small set of 13 natural accelerograms was 

sampled from the same set adopted by [9]. The seismic records 

names and relevant characteristics are collected in Table 4.  

Nonetheless, in order to perform the necessary probabilistic 

seismic analyses, we must consider that CLS. is not a 

deterministic value but obeys to a Gaussian distribution defined 

according to Table 3. More precisely, based on this distribution, 

we sampled a set of 1000 CLS and then calculated the resulting 

set of fragility functions as defined in Eq. (9).  

Given the three elbows elements numbered #18, #25 and #34, 

respectively, that belong to Branch #1, #2 and #3 of Pipeline #6 

in Figure 11, the analysis provides a set of three curves, the 

median, the 5% and the 95% percentile of the probabilistic 

distribution, as shown in Figure 13. For the sake of 
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completeness, the parameters of the median curves are collected 

in Table 5. 

 

Event name Record ID Date Mw 
PGA 

[m/s2] 

Gazli 000074 17/05/1976 6.7 7.06 

South 

Iceland 

(aftershock) 

006334 21/06/2000 6.4 4.12 

Holt 005237 23/04/1991 4.7 1.21 

Racha 

(aftershock) 
000501 03/05/1991 5.6 4.99 

Ancona 000030 14/06/1972 4.3 3.97 

Firuzabad 007162 20/06/1994 5.9 10.44 

South 

Iceland 

(aftershock) 

006349 21/06/2000 6.4 8.22 

Mt. Hengill 

Area 
005149 24/08/1997 4.9 1.69 

Bovec 

(aftershock) 
006247 06/05/1998 4.3 2.80 

Ionian 006131 24/04/1988 4.8 2.71 

Central Italy IT0582 03/04/1998 5.1 5.28 

NE of Banja 

Luka 
005651 13/08/1981 5.7 3.55 

Oelfus 005030 13/11/1998 5.1 1.44 

Table 4: Natural records used for Cloud Analysis 

 

 

Branch IM 
Parameters 

𝑚𝐷 𝛽𝐷 

1 
PGA 2.997 0.783 

Sa(T) 2.170 1.186 

2 
PGA 1.217 0.596 

Sa(T) 0.411 0.535 

3 
PGA 1.775 0.542 

Sa(T) 0.756 0.567 

Table 5: Median fragility functions parameters 

 

It is evident that Branch #2 results to be the most vulnerable 

to the seismic action with both PGA and Sa(T) as IMs. For 

this reason, also in agreement with [24], the probability of 

occurrence of a single leakage event is determined by the 

weakest component, i.e. the elbow pipe #25 of Branch #2. As 

a result, we can estimate the 𝑃(𝑒𝑑𝑝) through Eq. (4), by 

means of the hazard curve depicted in Figure 3. Nonetheless, 

we calculated the leakage probability 𝑃𝑛(𝑒𝑑𝑝) over the 

reference life of the LNG plant, i.e. 100 years by means of: 

 

𝑃𝑛(𝑒𝑑𝑝) = 1 −(1 − 𝑃(𝑒𝑑𝑝))𝑛 (10) 

 

where n is equal to the number of years. As a result, a more 

refined FE model entails a 𝑃𝑛(𝑒𝑑𝑝) = 2 × 10−2. In the 

simplified model analyzed in [9] and depicted in Figure 14, 

the weakest component was Elbow #18 which had a leakage 

probability 𝑃𝑛(𝑒𝑑𝑝) = 1.4 ×10−3. It clearly appears that the 

probability of leakage for the refined model presented in this 

paper is an order of magnitude greater than the leakage 

probability evaluated by [9].  

 

 
a) 

 
b) 

Figure 13: Fragility curves for elbow elements of Branches #1-

#3 of Pipeline #6 with IM as (a) PGA and (b) Sa(T). 

 
 

 
Figure 14: Simplified model with a single branch used in [9] 
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CONCLUSIONS 
In this paper, we present a probabilistic demand analysis for 

the realistic case study of an LNG terminal based on the 

Performance-Based Earthquake Engineering procedure. Thus, a 

series of non-linear dynamic analyses allowed the assessment of 

a plant endowed with a complex piping system.  

More precisely, this paper is a follow up of a research work [9] 

based on the same case study, which encompasses three pipelines 

branches against the single one present in the original FE model 

[9]. For this reason, the fragility analysis is related to a 

multicomponent system where different components can 

experience loss of containment.  

Based on several seismic analyses, we found that piping elbows 

exhibit a noteworthy level of vulnerability. This trend required a 

specific assessment of the leakage limit state for elbow elements. 

With regard to the elbow response, we found that the maximum 

tensile hoop strain represents a suitable parameter for fragility 

analysis. More precisely, instead of a deterministic value, we 

assume the maximum tensile hoop strain as a random variable 

described by means of a probability distribution. Moreover, this 

probability distribution was found to follow a Gaussian law.  

Thus, a probabilistic seismic demand analysis allowed to 

calculate fragility functions for the three branches of Pipeline #6. 

In particular, we evaluated fragility functions expressed both in 

terms of peak ground acceleration of the natural record and in 

terms of spectral acceleration evaluated at the main vibrational 

period of the tank.  

Finally, we estimated the leakage probability of the whole 

multicomponent system over its reference life. The relevant 

probability is significantly greater than the one computed with a 

less refined FE model; this confirms that different FE model 

refinements of a plant can highly influence seismic risk 

assessment.  

NOMENCLATURE 
BFJ: Bolted Flange Joint; 

CLS : Capacity limit state 

D:  Structural Demand; 

DM: Damage Measure; 

DoF: Degrees of Freedom 

DV:  Decision Variable; 

EDP: Engineering Demand Parameter; 

FE:  Finite Element; 

IM:  Intensity Measure; 

LoC: Loss of Containment; 

LNG: Liquified Natural Gas; 

PDF:  Probability Density Function 

PBEE:  Performance Based Earthquake Engineering; 

PGA:  Peak Ground Acceleration; 

PSDA: Probabilistic Seismic Demand Analysis; 

PSDM: Probabilistic Seismic Demand Model; 
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